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INTRODUCTION
Gliadins and glutenins are two major groups of seed storage proteins in common wheat (Triticum aestivum; AABBDD, 2n = 6x = 42) and its progenitors (Shewry et al., 2003) . Gliadins are of four types (a, c, d and x), whereas glutenins are composed of high-molecular-weight glutenin subunits (HMW-GSs) and low-molecular-weight glutenin subunits (LMW-GSs) (Shewry et al., 2003; Anderson et al., 2012; Wan et al., 2013) . Gliadins, HMW-GSs and LMW-GSs account for approximately 40, 7.5 and 32.5% of total flour proteins, respectively (Gras et al., 2001; Goesaert et al., 2005) . Considering that a vast quantity of wheat food products is consumed daily and globally, it is imperative that the functions of gliadins and glutenins in wheat end-use and health-related traits are optimized through genetic manipulations.
The importance of gliadins and glutenins in wheat enduse traits has been extensively investigated (Wrigley et al., 2009) . It is now clear that gliadins, HMW-GSs and LMW-GSs are the main determinants of wheat end-use traits. A gluten complex, composed largely of gliadins, HMW-GSs and LMW-GSs, is formed during dough processing; this confers elasticity and extensibility to the dough (Wrigley et al., 2009; MacRitchie, 2014) . The HMW-GSs and LMWGSs play a major role in conferring elasticity and extensibility through the formation of glutenin macropolymers (GMPs) via intra-and intermolecular disulfide bonding. Gliadins may contribute to dough elasticity and extensibility through non-covalent interactions with GMPs. However, an increasing number of studies have shown that reduction of gliadins has no adverse effects on gluten and dough properties, and can even improve end-use quality parameters (Gil-Humanes et al., 2010 , 2014a Becker et al., 2012; Altenbach et al., 2014) . Therefore, there is still space for manipulating the amount of gliadin in wheat grains without compromising end-use quality.
The effects of gliadins and glutenins on wheat healthrelated traits have been primarily studied in association with the induction of different wheat sensitivities by these proteins in susceptible human individuals (Scherf et al., 2016; Shewry and Tatham, 2016) . Although different types of wheat sensitivities have been recognized, celiac disease (CD) and wheat-dependent exercise-induced anaphylaxis (WDEIA) have been investigated in more detail. Celiac disease is an autoimmune disease, and affects 1-3% of the world's population; it is triggered by a number of epitopes present in gliadins, HMW-GSs and LMW-GSs, especially in the a-gliadins specified by the Gli-D2 locus on chromosome 6D (Shan et al., 2002; Tye-Din et al., 2010; Scherf et al., 2016; Shewry and Tatham, 2016) . WDEIA is induced by the epitopes present in x5-gliadins and HMW-GS proteins (Scherf et al., 2016; Shewry and Tatham, 2016) . Apart from CD and WDEIA, non-celiac gluten sensitivity (NCGS), a disorder induced by the ingestion of gluten-containing cereals but involving neither autoimmune nor allergic responses, is attracting increasing attention because its prevalence in the general population is likely to be much higher than that of CD (Fasano et al., 2015) . Available evidence implicates certain a-gliadins and amylase trypsin inhibitors in the induction of NCGS (Fasano et al., 2015) .
Owing to the involvement of gliadins in multiple types of wheat sensitivities, substantial efforts have been devoted to the development of low-gliadin wheat through various approaches, i.e. silencing gliadin gene expression by RNA interference (RNAi), preparation of mutants lacking one or more gliadin species (loci) and CRISPR/Cas9-mediated genome editing of multiple gliadin genes (GilHumanes et al., 2010 (GilHumanes et al., , 2012 (GilHumanes et al., , 2014a Becker et al., 2012; Altenbach et al., 2014; S anchez-Le on et al., 2018; Wang et al., 2017a) . The resultant lines showed reduced levels of CD or WDEIA epitopes; some of them also exhibited improved end-use quality owing to an elevated glutenin/ gliadin (Glu/Gli) ratio (Gil-Humanes et al., 2010 , 2014a Becker et al., 2012; Altenbach et al., 2014) , which is vital for promoting gluten and dough functionalities by forming more functional GMPs (Wrigley et al., 2009; MacRitchie, 2014; Rasheed et al., 2014) .
Alteration of gliadin accumulation has also been found to affect the content of lysine, an essential health-promoting amino acid for humans and livestock (Galili and Amir, 2013) , in cereal grains. In barley and maize, mutants with decreased accumulation of hordeins or zeins, both of which share conserved features with wheat gliadins (Xu and Messing, 2009) , generally have an elevated grain lysine content (Mertz et al., 1964; Kreis et al., 1983; Hartings et al., 2011; Miclaus et al., 2011) . In wheat, a higher grain lysine content has been found in the RNAi lines with reduced gliadin gene expression (Gil-Humanes et al., 2014b) . However, it is still unknown if grain lysine content may increase in radiation-induced or chemically induced wheat mutants lacking one or more gliadin loci.
From the information presented above, it appears that downregulation of gliadin accumulation may represent a unique approach for simultaneously enhancing the enduse and health-related traits of wheat. To make good use of this approach, it is essential to know which gliadin species (loci) can be removed without adverse effects on other traits (e.g. yield level). The main gliadin loci of common wheat, Gli-A1, -B1 and -D1 on the short arms of group 1 chromosomes and Gli-A2, -B2 and -D2 on the short arms of group 6 chromosomes, are very complex (Shewry et al., 2003; Wrigley et al., 2009) . Although a recent study reported an evolutionary analysis of Gli-A2, -B2 and -D2 in the common wheat landrace Chinese Spring (CS) (Huo et al., 2018) , there is still no structural information about these loci in commercial wheat. To improve our understanding of the six Gli loci we previously developed six deletion mutants, each lacking one Gli locus, using Xiaoyan 81 (Xy81), a commercial winter wheat cultivar, as the wild type (WT) progenitor (Wang et al., 2017a) . These mutants have been used for identifying of and assigning to specific chromosomes the full-length transcripts of gliadin genes and their corresponding protein products. Moreover, the deletion mutant lacking Gli-D2 (i.e. DLGliD2) was found to have a significantly reduced content of CD epitopes (Wang et al., 2017a) . However, neither the genomic structure of Gli-D2 in Xy81 nor potential changes in the end-use quality and grain lysine content of DLGliD2 have been investigated.
Consequently, the main objectives of this work were to characterize the structure of the Gli-D2 locus in Xy81 (hereafter Gli-D2-Xy81) and the end-use quality and grain lysine content of DLGliD2. We sequenced bacterial artificial clones (BAC) derived from Gli-D2-Xy81 and annotated the gliadin genes they carried. The structural data obtained were then compared with those of the Gli-D t 2 locus of Aegilops tauschii (DD, 2n = 2x = 14), which donated the D genome to hexaploid wheat through polyploidization (Salamini et al., 2002; Marcussen et al., 2014) . Concomitantly, the effects of Gli-D2 deletion on breadmaking quality (a major end-use trait of common wheat) and grain lysine content (a health-related trait) were investigated with the grain samples collected from multiple environments. Transcriptome analysis was further conducted in order to find gene expression changes linked with the enhanced breadmaking quality of DLGliD2. Quantitative PCR and immunoblot assays were performed for verifying the upregulated expression of several protein disulfide isomerase (PDI) genes in the developing grains of DLGliD2. Lastly, as a measure of PDI activity, the contents of disulfide (SS) and free sulfhydryl (SH free ) in Xy81 and DLGliD2 grains were evaluated.
RESULTS

Sequencing and analyzing the Gli-D2 locus of Xy81
Screening the BAC library of Xy81 by PCR with a-gliadin gene-specific primers yielded 58 positive clones. By analyzing BAC end and a-gliadin gene sequences, eight clones were found from chromosome 6DS. Five non-redundant clones were then sequenced using the PacBio RSII platform. After assembly, four contigs (D2ctg1, -2, -3 and -4), with a total length of 421 091 bp, were obtained ( Figure 1 ). The physical relationships among the four contigs were deduced based on comparison with the Gli-D t 2 locus of Ae. tauschii (Huo et al., 2017) (Figure 1 ). D2ctg1, -2 and -4 each exhibited >95% identity with their corresponding segments in Gli-D t 2. Interestingly, the last 28 kb of D2ctg2 was duplicated in the 5 0 portion of D2ctg3 ( Figure S1 in the online Supporting Information). The remaining portion of D2ctg3 also displayed >95% identity with its cognate segment in Gli-D t 2. Ten a-gliadin genes, including seven with an intact open reading frame (ORF) and three with a defective ORF, were found in the four contigs. In addition, a glutamate receptor-like gene was present in D2ctg1 ( Figure 1 ). The 11 genes were each compared with those present in Gli-D t 2, with co-linearity being observed between orthologous partners (Figure 1 ). Three gaps (G1-G3) were found in the alignment of the four contigs to Gli-D t 2 (Figure 1 ). The GenBank accession numbers for D2ctg1-D2ctg4 are MG459159, MG459160, MG459161 and MG459162, respectively.
Because Ae. tauschii is the donor of the wheat D genome, the a-gliadin genes carried by Gli-D t 2 may be regarded as progenitors of those present in the Gli-D2 locus of common wheat. Compared with Gli-D t 2, Gli-D2-Xy81 lacked a-D2, a-D3, a-D4 and a-D11, but a-D6 and a-D7 were each duplicated once, giving rise to a-D6a, a-D6b, a-D7a and a-D7b, respectively (Figure 1) . The number of a-gliadin genes with a defective ORF also differed between the two loci, being five in Gli-D t 2 and three in Gli-D2-Xy81 (Figure 1 ). Due to the existence of three alignment gaps ( Figure 1 ) there was a possibility that a-D2, a-D3, a-D4 and a-D11 may be present in Xy81 but were missed by our BAC sequencing experiment. To investigate this possibility, we performed a genomic PCR assay with six DNA markers (M1-M6) situated close to the four genes ( Figure 1) . The genomic DNA sample of CS was included in the assay as an additional control. The results showed that the chromosomal fragments carrying a-D2-a-D4 or a-D11 were not present in Xy81 although they were duly amplified from Ae. tauschii and CS ( Figure S2 ). For the three defective a-gliadin genes carried by Gli-D2-Xy81, their ORF was disrupted by a frame-shift (a-D1), the presence of a premature stop codon (a-D5) or fragmentation of the coding region (a-D7b) ( Table S1 ). The remaining seven intact genes all encoded typical a-gliadins upon conceptual translation (Table S1 ). Analysis of the deduced amino acid sequence of a-D6a, a-D7a, a-D6b, a-D8, a-D9 and a-D10 revealed the presence in them of three to eight CD epitopes, but no such epitope was detected in a-D12 ( Figure S3 ). The 33-mer motif, which carries six overlapping epitopes and is highly toxic in CD (Shan et al., 2002; Tye-Din et al., 2010) , was intact in a-D7a and a-D6b; a-D6a and a-D9 each harbored a partially deleted 33-mer with four such epitopes ( Figure S3 ). Previously, we divided a-gliadins into CT and CSTT classes based on amino acid sequence variation downstream of the last conserved cysteine residue, with CSTT a-gliadins containing very few or none of the CD epitopes reported to date (Wang et al., 2017a) . According to this criterion, a-D6a, a-D7a, a-D6b, a-D8, a-D9 and a-D10 were all CT a-gliadins whereas a-D12 was a CSTT a-gliadin ( Figure S3 , Table S1 ).
Effect of Gli-D2 deletion on breadmaking quality
To examine the effect of Gli-D2 on breadmaking quality we made use of the ion beam deletion line DLGliD2. The lack of Gli-D2 in this line was verified using chromosomal-specific microsatellite and a-gliadin gene-specific markers, and three backcrossings with the wild-type (WT) progenitor Xy81 were conducted to reduce the background mutations in DLGliD2 (Wang et al., 2017a) . DLGliD2 behaved in a highly similar way to Xy81 in plant height (PH), tiller number per plant (TNP), grain number per spike (GNS), grain length (GL), grain width (GWH) and thousand-grain weight (TGW) in three different environments ( Figure S4 ). Thus, the grain samples of Xy81 and DLGliD2, collected from four field environments, were compared for differences in the contents of gliadins and glutenins, breadmaking quality and related gluten and dough parameters.
The content of gliadins (including a, c and x types) in DLGliD2 was decreased by 1.98-11.36% compared with Xy18; but that of glutenins (HMW-GSs and LMW-GSs) in DLGliD2 was increased by 10.81-24.04% (Figure 2 ). Moreover, the increase in glutenin content in DLGliD2 was highly significant across the different environments (Figure 2) . Consequently, the Glu/Gli ratio of DLGliD2 was consistently and substantially higher than that of Xy81 ( Figure 2 ). Loaf volume (LV), a direct indicator of breadmaking quality (Ross and Bettge, 2009) , was increased in DLGliD2 (by 8.66-27.51%) compared with that of Xy81 (Figure 3a, b) , but loaf weight did not differ considerably between the two lines ( Figure 3c ). Consistent with the increase in LV, SDS sedimentation volume (SDS-SV), reflecting gluten strength (Ross and Bettge, 2009) , was raised by 14.79-23.2% in DLGliD2 (Figure 3d ). The main farinograph parameters, dough development time (DDT) and dough stability time (DST), both indicators of dough strength (Ross and Bettge, 2009) , were raised by 30.50-32.23% (DDT) or 55.14-85.71% (DST) in DLGliD2 (Figure 3e , f). The extensograph parameter R max , signifying dough elasticity (Ross and Bettge, 2009) , was increased by 62.84-120.69% in DLGliD2 (Figure 3g ). In contrast, another extensograph parameter, E, indicating dough extensibility (Ross and Bettge, 2009) , did not differ significantly between DLGliD2 and Xy81 ( Figure 3h ). Lastly, tensile curve area (TCA), a parameter reflecting overall dough functionality, was improved by 44.23-113.33% in DLGliD2 (Figure 3i ). Except for dough extensibility, the increases exhibited by DLGliD2 reached significant or highly significant levels in most cases (Figure 3 ).
The GMPs with a molecular weight larger than 250 kDa, i.e. functional GMPs, have been considered as a chief determinant of gluten and dough functionalities and enduse quality (MacRitchie, 2014) . The contents of GMPs and unextractable polymeric protein (UPP) provide a reliable measurement of functional GMPs; the greater the content of GMPs and UPP, the higher the proportion of functional GMPs (MacRitchie, 2014). We thus analyzed if DLGliD2 might have higher GMP and UPP contents than Xy81. In the four environments assessed, the GMP and UPP contents of DLGliD2 were found to be 13.84-16.52% and 13.72-25.00% higher, respectively, than those of Xy81, with the differences reaching a highly significant level in most environments ( Figure S5 ).
We also tested the effect of Gli-D2 deletion on breadmaking quality in the presence of the Glu-D1d allele, which encodes the 1Dx5 and 1Dy10 HMW-GS subunits frequently associated with strong gluten and dough strength (Lafiandra et al., 1993; Wrigley et al., 2009; Dong et al., 2013) . A stable breeding line, ZDLGliD2, was developed which carried Gli-D2 deletion (from DLGliD2) and Glu-D1d (donated by the strong gluten wheat Zhengmai 366). When examined using reverse-phase high-performance liquid chromatography (RP-HPLC), ZDLGliD2 expressed identical HMW-GSs and LMW-GSs to Zhengmai 366 but lacked the a-gliadins specified by Gli-D2 ( Figure S6 ). The loaf volume of ZDLGliD2 was 5.77-11.86% higher than that of Zhengmai 366 ( Figure S7 ). The DDT and DST values for ZDLGliD2 were 37.27-39.91% or 25.38-87.70% higher than the corresponding values for Zhengmai 366 ( Figure S7 ). These results, together with those displayed in Figures 3 and S5, indicated that deletion of Gli-D2 could enhance gluten and dough functionality and breadmaking quality in multiple environments and in the tested varietal backgrounds.
Influence of Gli-D2 deletion on grain lysine content
Although reduction of gliadin accumulation has been shown to increase grain lysine content in transgenic wheat and several maize and barley mutants (see Introduction), non-transgenic wheat mutants with enhanced grain lysine content have not been reported before. We therefore evaluated if lysine content may be elevated in DLGliD2. As shown in Figure 4 , the free lysine content in DLGliD2 grains was significantly increased (by 9.53-23.67%) in all four environments compared with that in Xy81 grains. The total grain lysine content in DLGliD2 was also much higher (by 4.29-8.46%) than that in Xy81, with the differences reaching a highly significant level in three of the four environments (Figure 4 ). These data demonstrated that removing Gli-D2 indeed increased grain lysine content in common wheat, and that the increase was stable in different environments.
Investigating gene expression changes caused by Gli-D2 deletion
We performed transcriptome comparison between the developing grains of Xy81 and DLGliD2 in order to explore the changes in gene expression potentially underlying the enhanced gluten and dough functionalities and improved breadmaking quality of DLGliD2. A RNA sequencing (RNASeq) experiment was conducted with the grain samples of the two lines collected at 10, 15 and 25 days after anthesis (DAA). The mean transcript data generated for the two lines at three developmental stages varied from 14.3 to 16.7 gigabases, with 71.4-73.0% of the high-quality reads mapped to the draft genome sequence of CS (Table S2) . Hierarchical clustering based on gene expression data revealed preferential grouping of the biological replicates from the same genotype and sampling time ( Figure S8 ). Furthermore, the samples collected at 10 or 15 DAA were more closely aggregated ( Figure S8 ). These results indicated differences in gene expression between the developing grains of Xy81 and DLGliD2 and among the three developmental stages.
Relative to Xy81 grains, a number of differentially expressed genes (DEGs) were found in DLGliD2. These included 594, 902 and 1156 upregulated genes at 10, 15 and 25 DAA, respectively, and 525, 764 or 861 downregulated genes at these three stages (Figure 5a ). The expression profiles of the 10 a-gliadin genes, annotated for Gli-D2-Xy81 (Figure 1) , were compared between the two lines using the transcriptomic reads generated. In Xy81, the expression of the seven members with an intact ORF (a-D6a, a-D7a, aD6b, a-D8, a-D9, a-D10 and a-D12), measured as reads per kilobase of transcript per million fragments sequenced (RPKM), was gradually increased, with very high levels found at 25 DAA, but this was not the case for the three members with a defective ORF (a-D1, a-D5 and a-D7b) ( Figure 5b ). As anticipated, no expression was detected for any of the 10 gene members in DLGliD2 grains (Figure 5b) . However, the total RPKM values calculated for HMW-GS or LMW-GS genes tended to be higher in DLGliD2 than in Xy81, particularly at 25 DAA ( Figure S9 ).
Analysis of DEGs with the KOBAS software identified several highly enriched pathways, with the term 'Protein processing in endoplasmic reticulum' present at all three stages (Table S3 ). The remaining terms, i.e. ribosome, photosynthesis, oxidative phosphorylation, starch and sucrose metabolism, plant hormone signal transduction, and glycolysis/gluconeogenesis, were present at only one or two stages (Table S3) . Among the genes listed under 'Protein processing in endoplasmic reticulum', several PDI genes showed higher expression in DLGliD2 grains (Table S4 ). It Figure 2 . Analysis of gliadin (Gli) and glutenin (Glu) contents and Glu/Gli ratio in flour samples from Xy81 and DLGliD2 grown in four environments.BJ (Beijing) and ZX (Zhaoxian) indicate the locations of wheat harvest, while 15 (2015) and 16 (2016) mark the years of harvest. Relative to Xy81, the gliadin content of DLGliD2 was generally lower (a), whereas the glutenin content (b) and Glu/Gli ratio (c) of DLGliD2 were consistently higher, across the four environments. Error bars indicate AE SD (n = 3; *P < 0.05; **P < 0.01; Student's t-test).
is well known that PDI isozymes catalyze the formation of disulfide bonds and play a crucial role in promoting wheat gluten and dough functionalities and breadmaking quality by enhancing the formation of GMPs (She et al., 2011) . We therefore decided to validate the expression differences of PDI genes in the developing grains of Xy81 and DLGliD2.
The higher expression levels of the three homoeologous PDI genes located on group 5 chromosomes (i.e. Traes_5A-L_7AC09C7F, Traes_5BL_D6603D993 and Traes_5-DL_546404AFD) in DLGliD2 grains were confirmed using quantitative (q)RT-PCR with gene-specific primers for each homoeolog (Figure 6a, b, c) . Immunoblot analysis showed that the developing grains of DLGliD2 consistently had higher amounts of PDI proteins than those of Xy81 (Figure 6d) . In agreement with the PDI gene expression result, the contents of SS in DLGliD2 flour samples were generally and substantially higher than those in Xy81, whereas the reverse was observed with respect to the level of SH free ( Figure S10 ).
DISCUSSION
In this work we sequenced Gli-D2-Xy81 and analyzed the agliadin genes it carried. More importantly, the effects of Gli-D2 on breadmaking quality and grain lysine content were uncovered by analyzing a unique deletion mutant (DLGliD2) that lacked the locus. Analysis of the grain samples from multiple environments permitted a more extensive assessment of the functions of Gli-D2 in the examined traits. Transcriptome comparison highlighted upregulated expression of several PDI genes in developing DLGliD2 grains, providing an important clue for understanding the enhanced gluten and dough functionalities and improved breadmaking quality of DLGliD2.
Conservation and variation of gliadin genes in Gli-D2
On the basis of comparison between Gli-D2-Xy81 and Gli-D t 2 of Ae. tauschii, several suggestions can be made regarding to the conservation and variation of gliadin genes carried by orthologous Gli-D2 loci. First, orthologous Gli-D2 loci are quite similar, as multiple copies of syntenic a-gliadin genes can be identified. However, the exact number of a-gliadin genes carried by them can vary to some extent, there being 12 in Gli-D t 2 and 10 in Gli-D2-Xy81 (Figure 1) . Second, the Gli-D2 a-gliadin genes in the progenitor species (Ae. tauschii) do not appear to be completely conserved in common wheat. Four a-gliadin genes (a-D2, a-D3, a-D4 and a-D11) found in Gli-D t 2 were not present in
Gli-D2-Xy81 (Figure 1 ). Third, novel structural changes can occur to common wheat Gli-D2, leading to differences in the number and arrangement of a-gliadin genes between orthologous Gli-D2 loci. Through DNA marker analysis ( Figure S2 ), we verified the absence of a-D2, a-D3, a-D4 and a-D11 in Gli-D2-Xy81. However, the duplication of a large DNA segment in Gli-D2-Xy81, which spanned about 28 kb and hosted two a-gliadin genes (a-D6a and a-D7a; Figure S1 ), maintained the overall number of a-gliadin genes in this locus. Finally, the number of defective a-gliadin genes can differ between orthologous Gli-D2 loci, there being five in Gli-D t 2 and three in Gli-D2-Xy81 (Figure 1 ).
Nevertheless, there were seven a-gliadin genes with an intact ORF for both loci (Figure 1 ). The finding of seven active a-gliadin genes carried by Gli-D2-Xy81 was in agreement with the identification of seven distinct a-gliadin full-length gene transcripts with an intact ORF for Gli-D2-Xy81 in our previous study (Wang et al., 2017a) . In the work reported by Huo et al. (2018) , 11 a-gliadin genes, including six active and five pseudogene members, were annotated for the Gli-D2 locus of CS (Gli-D2-CS). A comparison among Gli-D t 2, Gli-D2-Xy81 and Gli-D2-CS reinforces the suggestions made above. For example, Gli-D2-CS lacked the a-D3 gene carried by Gli-D t 2, and five defective a-gliadin genes were found in Gli-D2-CS versus four such genes present in Gli-D t 2. Nevertheless, Gli-D2-CS was more similar to Gli-D t 2 than to Gli-D2-Xy81 with respect to the number and arrangement of a-gliadin genes, which was also reflected by the result of our marker analysis (Figure S2) . The mechanisms underlying the structural differences in between orthologous and allelic Gli-D2 loci may be complex, considering that hexaploidization, domestication and modern breeding selection have all been found to contribute to the genetic diversity of the D genome in wheat germplasm (Dvorak et al., 1998; Caldwell et al., 2004; Giles and Brown, 2006; Matsuoka, 2011; IWGSC, 2014) . Nevertheless, the information obtained for Gli-D2-Xy81, together with the knowledge about Gli-D t 2 and Gli-D2-CS, will aid more systematic studies of variations of Gli-D2 and the mechanisms involved in further research.
Function of Gli-D2 in wheat quality traits
Based on our analysis of the effects of Gli-D2 deletion in multiple environments and in two genetic backgrounds, we suggest that Gli-D2 has a negative influence on breadmaking quality in commercial wheat. Interestingly, a quantitative trait locus mapping study has also detected the influence on bread loaf volume of the 6D chromosomal region carrying Gli-D2 (Elangovan et al., 2008) , indicating natural variation of Gli-D2 in common wheat cultivars and its potential effect on breadmaking quality. From our data we deduce that the negative effect of Gli-D2 on breadmaking quality may be due to its interference with gluten and dough functionalities, because DLGliD2, which lacks Gli-D2, consistently exhibited enhanced gluten and dough performance. Consistent with this reasoning, DLGliD2 grains have a reduced gliadin content, an increased Glu/Gli ratio and elevated GMP and UPP contents across different environments. Notably, DLGliD2 also accumulates more glutenins, which is another factor contributing to its higher Glu/ Gli ratio. The accumulation of more glutenins in DLGliD2 grains is probably caused by compensatory expression of glutenin genes due to the deletion of Gli-D2 ( Figure S9 ). This type of seed protein rebalancing has also been observed in the wheat lines with gliadin gene expression suppressed by mutation or RNAi (Galili et al., 1986; GilHumanes et al., 2010 GilHumanes et al., , 2012 Becker et al., 2012) . The presence of Gli-D2 has two negative effects on the health-related traits of common wheat, i.e. suppression of grain lysine content (Figure 4 ) and increase of CD epitopes (Wang et al., 2017a) . The suppressive effect of Gli-D2 on grain lysine content may be due to the fact that gliadins generally contain much lower levels of lysine than do other seed proteins (Shewry, 2007) . Reducing gliadin expression can make space for increased accumulation of other seed proteins that are relatively rich in lysine (Gil-Humanes et al., 2011 , 2014b . Our previous study showed that DLGliD2 had More PDI proteins were found in DLGliD2 grains than in those of Xy81 at all three stages and in two different environments (Beijing 2015 harvests: BJ-2015 and BJ-2016 . Wheat actin proteins were detected as a control for equal protein loading. Error bars indicate AE SD (n = 3; *P < 0.05; **P < 0.01; Student's t-test). a significantly decreased CD epitope content when assayed with the monoclonal antibody G12 recognizing a hexapeptide (QPQLPY) located in the 33-mer motif (Mor on et al., 2008; Wang et al., 2017a) . QPQLPY was present in six of the seven a-gliadins encoded by Gli-D2 ( Figure S3) . Thus, the absence of Gli-D2 a-gliadin gene expression, as confirmed by our transcriptome analysis (Figure 5b) , is the basis of the reduced CD epitope content in DLGliD2 grains. In further research it will be important to examine if the increased lysine content in DLGliD2 grains makes a positive contribution to the daily intake of this amino acid in a suitable animal model, as demonstrated by Planta et al. (2017) in assessing transgenic maize lines with an increased methionine content. It is also worth noting that the increased glutenin content (Figure 2b ) may render DLGliD2 grains unsuitable for patients suffering from NCGS or CD.
Mechanism underlying the enhancement of breadmaking quality by Gli-D2 deletion
From the datasets generated and the points discussed above, we present a model to explain the enhanced breadmaking quality of DLGliD2 (Figure 7) . The steps central to the enhancement are the formation of more functional GMPs and elevation of gluten strength and dough elasticity. An increased Glu/Gli ratio and upregulated PDI expression and function both contribute to the assembly of more functional GMPs. Unlike dough elasticity, dough extensibility was not significantly altered in DLGliD2. The reason(s) behind the differential changes in dough elasticity and extensibility in DLGliD2 is/are unclear at present. However, such changes suggest that the genetic controls of dough elasticity and extensibility may be uncoupled to some extent in DLGliD2, thus providing a system for future exploration of the molecular and biochemical processes specific to the control of dough elasticity or extensibility.
The increase in the Glu/Gli ratio, the occurrence of compensatory expression of glutenin genes and the upregulation of PDI expression and function in DLGliD2 grains suggest that Gli-D2 deletion causes multiple changes in the synthesis and accumulation of wheat seed proteins. This raises the question of whether deletion of Gli-D2 may affect grain and flour protein contents, which are important factors in quality control of wheat end-use (Shewry, 2007; Wrigley et al., 2009; Rasheed et al., 2014) . Interestingly, we found that the flour protein content of DLGliD2 and ZDLGliD2 did not vary substantially from, or was only marginally higher than, that that of their respective WT controls ( Figure S11 ). Thus, change of protein composition is likely to be a more basic factor in enhancing the breadmaking quality of DLGliD2 and ZDLGliD2 by Gli-D2 deletion, with the increased Glu/Gli ratio and elevated PDI expression and activity being downstream processes. The precise changes caused by deletion of Gli-D2 in DLGliD2 and ZDLGliD2 are unknown at present, but they are probably complex and vary between the two lines, because their WT progenitors (Xy81 versus Zhengmai 366) differ substantially in gluten protein composition (e.g. Glu-D1a in Xy81 and Glu-D1d in Zhengmai 366) and gluten and dough parameters (Figures 3 and S7) . Consequently, the molecular, biochemical and rheological processes underlying the enhancement of breadmaking quality by deletion of Gli-D2 in DLGliD2 and ZDLGliD2 may differ; this is a subject for future study.
The upregulation of PDI expression and its involvement in promoting more functional GMPs are supported by multiple lines of evidence, including analysis of DEGs, qRT-PCR and immunoblot experiments and measurement of SS content. However, further study is needed to uncover the signaling process leading to upregulation of PDI. Because both glutenins and GMPs are produced at higher levels in DLGliD2 grains, we speculate that the assembly of an increased amount of glutenins into GMPs may require extra PDI activity to catalyze the formation of disulfide bonds, thus generating the signal for upregulated expression of PDI genes in DLGliD2 grains. A model for explaining the improved breadmaking quality of DLGliD2.Formation of more functional glutenin macropolymers (GMPs) and enhancement of gluten strength and dough elasticity are central to the observed improvement. Increased glutenin/gliadin (Glu/Gli) ratio and upregulated protein disulfide isomerase (PDI) expression and activity both contribute to the production of more functional GMPs in DLGliD2.
The changes in gene expression in DLGliD2 grains, besides being beneficial to the improvement of breadmaking quality and grain lysine content, do not appear to negatively affect the developmental and yield component traits, as DLGliD2 and its WT control were basically similar in PH, TNP, GNS, GL, GWH and TGW in multiple environments ( Figure S4 ). In line with this finding, an initial assessment showed that neither DLGliD2 and Xy81 nor ZDLGliD2 and Zhengmai 366 differed significantly in yield level (Figure S12) . The normality of DLGliD2 plants may mainly be ascribed to the fact that Gli-D2 region carries primarily seed-expressed gliadin genes, the silencing of which has not been found to affect wheat growth and developmental processes (Gil-Humanes et al., 2010 , 2014a Becker et al., 2012; Altenbach et al., 2014) . In addition, genetic compensation among homoeologs, which is widely operational in hexaploid wheat (Galili et al., 1986; Levy and Feldman, 2004) , may also have helped to maintain stability of DLGliD2 growth. Nevertheless, the wider effects of Gli-D2 deletion on wheat grain development, protein composition and yield potential require further studies in more genetic backgrounds.
Potential use of DLGliD2 in wheat quality improvement
Because DLGliD2 is non-transgenic and does not appear to be compromised in developmental and yield related traits it may be directly used in wheat quality improvement programs. However, it is worth pointing out that the positive effects of Gli-D2 deletion may vary in different genetic backgrounds. Increased grain lysine content and reduction of highly toxic CD epitopes are additional benefits conferred by Gli-D2 deletion in wheat breeding, although the elevated glutenin content due to this deletion is not beneficial for NCGS patients and not safe for CD patients. In practical breeding programs, transfer of the Gli-D2 deletion may be aided by the use of the microsatellite markers reported previously (Wang et al., 2017a) . Alternatively, as shown in this work ( Figure S2 ), new DNA markers can be developed using the Gli-D2 sequence information reported for Ae. tauschii and Xy81.
In summary, this work has shed light on the structure and function of the Gli-D2 locus in commercial wheat. Deletion of Gli-D2 may represent a new strategy for simultaneously improving the end-use and health-related traits of common wheat. In support of the findings made in this work, a recent study proposed that direct suppression of zein gene expression is a more effective measure for improving maize nutritional quality without reducing yield level (Zhang et al., 2016) . Considering that gliadins and their homologs are widely present in the seeds of different grass species (e.g. rice, maize, wheat, barley, sorghum and rye) (Xu and Messing, 2009) , the strategy and information reported here may be broadly useful for enhancing the quality traits of diverse cereal crops.
EXPERIMENTAL PROCEDURES Plant materials, growth environments and assessment of agronomic traits
The main wheat materials used in this work included Xy81, DLGliD2, Zhengmai 366 and ZDLGliD2. Xy81 and DLGliD2 were described previously (Wang et al., 2017a) . Briefly, the original mutant lacking Gli-D2 was identified by screening an ion-beammutagenized population of Xy81, which was backcrossed with Xy81 three times to reduce background mutations, with the resultant homozygous line being named DLGliD2. Zhengmai 366 is a strong gluten bread wheat cultivar possessing Glu-D1d . ZDLGliD2 (BC3F4 line) was produced by transferring the Gli-D2 deletion mutation from DLGliD2 to Zhengmai 366. Xy81 and DLGliD2 were planted in Beijing (39°54 0 N, 116°23 0 E) and Zhaoxian (37°76 0 N, 114°78 0 E) in two crop cycles (2014-15 and 2015-16) , while Zhengmai 366 and ZDLGliD2 were grown in Zhaoxian and Xinxiang (35°18 0 N, 113°52 0 E) in one crop cycle . In each environment, the wheat lines were sown following a completely randomized block design with three replications (plots) per genotype. Each replication included eight rows of plants, with the length of the row being 2.7 m and the distance between adjacent rows being 20 cm (Zhang et al., 2013) . Assessment of agronomic traits (i.e. plant height, tiller number per plant, grains per spike, grain length, grain width, thousand-grain weight) was carried out as described previously (Zhang et al., 2013; Li et al., 2015) .
Construction and screening of the BAC library
A BAC library was constructed for Xy81 following the method detailed by Dong et al. (2010) ; it contained 1 106 400 clones and was estimated to have 4.59 genome coverage (taking 17.5 Gb as the genome size of common wheat). The library was screened by PCR as outlined previously (Dong et al., 2010) using two pairs of a-gliadin gene-specific primers (Table S5 ). The BAC end sequences were determined for the positive clones commercially (Invitrogen Trading Co., http://www.lifetechnologies.com/) and were used to select the clones from the Gli-D2 region located on chromosome 6DS. The selected clones were confirmed to carry agliadin genes by PCR amplification and Sanger sequencing of the amplicons (Invitrogen Trading Co.).
Sequencing BAC clones and analyzing BAC contigs
Five non-redundant Gli-D2 BAC clones, with an estimated total insert size of about 440 kb, were sequenced using the PacBio RSII platform at the Beijing Institute of Genomics, Chinese Academy of Sciences. On average, about 50 Mb of sequenced data was obtained for each clone. The sequence data were assembled using the software HGAP and CANU (Chin et al., 2013; Koren et al., 2017) . Assembled contigs were adjusted using the Consed tool (Gordon and Green, 2013) , with genes in the refined contigs being predicted by the program FGENESH (http://linux1.softbe rry.com/berry.phtml?topic=fgenesh&group=programs&subgroup= gfind). The program r2cat was used for comparing orthologous Gli-D2 loci (Husemann and Stoye, 2010) .
Analysis of the variation of the Gli-D2 region using DNA markers Six DNA markers (M1-M6) were developed for analyzing the variation of the Gli-D2 region in Ae. tauschii, CS, Xiaoyan 81 and DLGliD2 by genomic PCR, as reported previously (Dong et al., 2013) . M1 was derived from the coding region of the gliadin gene a-D1, while M5 and M6 were repetitive DNA junction markers (Wanjugi et al., 2009) . The primers used for amplifying the six markers are listed in Table S5 .
Testing breadmaking and related gluten and dough parameters
Breadmaking and related gluten and dough parameters were tested essentially as described in our previous publications (Yang et al., 2014; Li et al., 2015; Wang et al., 2017b) . Briefly, bread baking and loaf volume measurement were conducted using AACC method 10-10.03. The SDS-SV of gluten was determined as reported by Peña et al. (1990) . The farinograph parameters of dough were obtained following AACC method 54-21.02. The extensograph indicators of dough were measured according to AACC method 54-10.01. All AACC methods were taken from http:// methods.aaccnet.org/search.aspx. GMP content in the flour was determined as detailed by Weegels et al. (1996) . Three different grain samples collected from separate plots were used for testing each parameter for each line in each environment.
High-performance liquid chromatography assays
Reverse-phase high-performance liquid chromatography was used to measure glutenin and gliadin contents, while size exclusion chromatography was used to assaying the content of UPP. The methods were detailed in our previous study (Wang et al., 2017b) .
Determination of the lysine content
Free and total lysine contents in the grains of Xy81 and DLGliD2 were determined using HPLC virtually as described by Huang et al. (2005) . The grain samples from four environments were used, with three replicates (from three different field plots) analyzed for each line in each environment.
RNA-Seq experiment and data analysis
Total RNA samples were extracted from Xy81 and DLGliD2 grains collected at 10, 15 and 25 DAA, respectively, in Beijing in 2015, and subjected to Illumina sequencing as reported previously (Dong et al., 2015) . Two biological replicates (R1 and R2) were sequenced for each line at each developmental stage. After adaptor trimming and removal of low-quality reads, the high-quality reads (2 9 125 bp) were mapped to the draft genome sequence of CS (IWGSC, 2014) using the software RSEM (Li and Dewey, 2011) . The expression level was measured as RPKM. Differentially expressed genes were selected based on (i) a log 2 ratio >1.0 and (ii) the expression difference between the two lines being consistent in the two sets of replicates. A KEGG pathway enrichment test was accomplished using the program KOBAS 2.0 (Xie et al., 2011) . The full-length glutenin gene transcripts, identified in our previous study (Dong et al., 2015) , were used as references for determining the total transcriptomic reads of HMW-GS or LMW-GS genes at 10, 15 and 25 DAA, respectively. The RNA-Seq data generated in this study have been deposited in the Genome Sequence Archive of the Beijing Institute of Genomics, Chinese Academy of Sciences (accession number CRA000574).
Quantitative PCR assay
Total RNA samples were prepared from the developing grains of Xy81 and DLGliD2 collected at 10, 15 or 25 DAA (Dong et al., 2015) . They were reverse-transcribed into cDNAs using the GoScript TM Reverse Transcription System (Promega, http://www. promega.com/). The resulting cDNAs were used for quantitative PCR assay of the target genes, as detailed previously (Dong et al., 2015) . In brief, the thermocycling conditions were one cycle of 95°C for 5 min, 40 cycles of 95°C for 10 sec, 60°C for 10 sec and 72°C for 10 sec, and a final cycle of 72°C for 5 min. The relative expression levels of target genes, normalized using the expression data of the reference gene, were calculated with the 2 ÀDDCT method (Livak and Schmittgen, 2001 ). The gene-specific primers used are provided in Table S5 . A wheat actin gene (Table S5) was amplified as internal reference. Three biological replicates were analyzed for each target gene in each line. The assay was performed for the grain samples collected in both 2015 and 2016, with highly similar results being obtained.
Immunoblot assay
A polyclonal mouse antibody, specific for plant PDI proteins (Qin et al., 2008) , was used to compare PDI levels in the developing grains of Xy81 and DLGliD2 by immunoblot assay. Briefly, for each line at each developmental stage, 200 mg of grains was ground into powder in liquid nitrogen, and resuspended in 500 ll of Laemmli sample buffer (Laemmli, 1970) . After being boiled for 10 min the suspension was centrifuged, with the resultant total proteins (30 lg per sample) fractionated in 12% SDS-PAGE. After transfer to a polyvinylidene fluoride membrane (Millipore Corp., http://www.emdmillipore.com/US/en?bd=1), the blot was treated sequentially with the PDI antibody and the goat anti-mouse IgGperoxidase conjugate (Sigma-Aldrich, http://www.sigmaaldrich.c om/), with immunoreaction visualized using the SuperSignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher Scientific Inc., http://www.thermofisher.com/). A parallel immunoblot assay, using a polyclonal antibody specific for plant actin proteins (http:// www.bioeasytech.com/), was executed as a control for equal protein loading.
Evaluation of disulfide and free sulfhydryl contents
The SS and SH free contents of Xy81 and DLGliD2 were evaluated using the flour samples derived from four growth environments. The protocol described by Li et al. (2017) was followed. Three different flour samples milled from the grains collected from separate plots were analyzed for each line in each environment.
Statistical analysis
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